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Abstract
Direct measurements of the three Stokes parameters (polarization components)
P1, P2 and P3 of the VUV Hg transition 6s6p 1P1 → 6s2 1S0 (185 nm) have
been carried out at electron impact energies of 15 eV, 50 eV and 100 eV. Within
the experimental uncertainty, no influence of the electron spin was discovered
for scattering angles θ  30◦. At 15 eV excitation energy and scattering angles
θ  80◦, increasing spin effects become apparent. The experimental data are
compared to theoretical predictions from a first-order full-relativistic distorted-
wave model, a five-state Breit–Pauli R-matrix (close-coupling) approach, and
a convergent close-coupling model, in which relativistic effects are accounted
for by adding non-relativistic amplitudes using known intermediate-coupling
coefficients. At scattering angles θ  15◦, all of the theories reproduce
the experimental data well, whereas the CCC model exhibits the best overall
agreement with experiment at large scattering angles.
1. Introduction
Electron–photon (e, eγ ) coincidence studies using incident polarized electrons can reveal
relativistic effects in electron-impact excitation of heavy atoms such as mercury. This method
was used previously to study electron-impact excitation of the 6s6p 3P1 state of mercury
followed by emission of UV 254 nm radiation. It was found that the excitation of the
6s6p 3P1 state is governed by the interplay of exchange processes and spin-orbit effects [1].
In the present paper we report the first direct measurements of the three Stokes parameters
(polarization components) P1, P2 and P3 of the VUV transition 6s6p 1P1 → 6s2 1S0 (185 nm)
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in Hg. Spin-polarized electron impact at energies of 15 eV, 50 eV and 100 eV was used to
excite the mercury target atoms from the ground state to the 6s6p 1P1 state (energy loss 6.7 eV).
The principal goals of the present joint experimental and theoretical investigation were (i) to
reveal the role of the electron spin in the excitation process and (ii) to assess the reliability of
theoretical calculations for this scattering system.
2. Stokes parameters
The Hg transition 6s6p 1P1 → 6s2 1S0 is an optically allowed transition in the VUV range
(λ = 185 nm). The lifetime of the excited Hg 6s6p 1P1 state is 1.3 ns [2]. In order to analyse
the population of the atomic sublevels of the excited state after electron-impact excitation with
spin-polarized electrons, the polarization of the decay photons emitted perpendicular to the
scattering plane is determined for a number of incident energies and scattering angles. The
three Stokes parameters are defined by
P1 = I (0
◦) − I (90◦)
I (0◦) + (90◦)
, P2 = I (45
◦) − I (135◦)
I (45◦) + (135◦)
, P3 = I (σ
−) − I (σ +)
I (σ−) + (σ +)
. (1)
Here I (α) denotes the light intensity transmitted by a linear polarizer aligned at an angle α with
respect to the direction of the incident electrons while I (σ +) and I (σ−) denote the intensities
of circularly polarized light with positive and negative helicity, respectively. Spin-resolved and
spin-averaged Stokes parameters are determined by using spin-polarized incident electrons
and applying the procedure described by Herting et al [1] to calculate these parameters from
the observed coincidence rates between scattered electrons and emitted photons.
3. Experiment
In the experimental set-up (see Herting et al [1] and Herting and Hanne [3] for details), a
GaAs electron source generated a spin-polarized electron beam with a degree of polarization
of (28 ± 1.4)% to excite the target atoms. An oven evaporated the mercury atoms at a
temperature of 50 ◦C. The decay photons with a wavelength of λ = 185 nm were detected for
emission normal to the scattering plane via a photomultiplier tube and analysed according to
the definition of the three Stokes parameters. A Brewster-angle analyser was used to analyse
linearly polarized light and a zero-order quarter-wave plate was employed as an optical retarder.
To avoid photon absorption by oxygen molecules, the optical path within the photon analyser
had to be flooded with nitrogen gas. The scattered electrons were detected in the scattering
plane at an angle θ and analysed with respect to their energy loss by means of a cylindrical
mirror analyser. Electrons and photons were detected in coincidence.
4. Numerical calculations
The experimental results reported below are compared with predictions from three theoretical
models, namely a first-order full-relativistic distorted-wave model (RDWBA), a five-state
Breit–Pauli R-matrix (close-coupling) approach (BP-RM5), and a convergent close-coupling
(CCC) model, in which relativistic effects are accounted for by adding non-relativistic
amplitudes via known intermediate-coupling coefficients. The RDWBA calculations were
carried out as described by Muktavat et al [4] and the BP-RM5 model has been briefly
described by Herting et al [1], who also give many references to previous work. The spin-
dependent Stokes parameters in the BP-RM5 model were generated with the program MJK of
Grum-Grzhimailo [5]. Details of the current CCC model can be found in Fursa et al [6].
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Instead of repeating the description of these computational models, we only summarize
here, and compare to each other, the most important aspects regarding the target description
and the treatment of the collision process, with particular emphasis on relativistic effects
and channel coupling. Starting with the N-electron target description, the RDWBA
model employs fully relativistic wavefunctions calculated with the GRASP92 program of
Parpia et al [7]. Muktavat et al [4] used two different sets of wavefunctions in their work.
The simpler one uses a minimal spectroscopic representation of the ground and excited state
involving only the 6s, 6p or 6p¯ outer orbitals. The more elaborate set includes the 6p and
6p¯ orbitals in the ground state while adding the 6d and 6¯d orbitals to the excited state. The
inner 78 electrons are frozen in a closed core, with no polarization effects included. The
oscillator strength obtained in this model for the transition of interest is approximately
twice the experimental value of 1.18, which can only be obtained if core polarization effects
are accounted for [8]. There is very little difference between the results from these two
calculations for the energies and angular ranges reported here.
The target description in the BP-RM5 approach is similar to the simpler of the RDWBA
models, particularly with regard to the limited account of configuration interaction and the
neglect of core polarization effects. In addition, the one-electron orbitals are obtained non-
relativistically, i.e., there is only one 6p orbital with orbital angular momentum  = 1, but no
dependence on the total electronic angular momentum j ≡  + s obtained by coupling  to the
electron spin s. Relativistic effects are accounted for at the level of first-order perturbation
theory, i.e., the one-electron mass correction, Darwin, and spin-orbit terms are added to the
non-relativistic target Hamiltonian. Diagonalizing this approximate Breit–Pauli Hamiltonian
then yields ab initio intermediate-coupling coefficients, thereby mixing the 6s6p 1P1 and
6s6p 3P1 states.
In the CCC model, finally, non-relativistic orbitals are used as well, but core-polarization
and relativistic effects, as long as they depend only on  but not on j , are simulated
through phenomenological terms in a core potential. This makes it possible, for example,
to simulate the relativistic contraction of the orbitals near the origin. Probably the most
important difference of the CCC target model to the RDWBA and BP-RM5 models is the
use of a phenomenological two-electron potential, which, together with large configuration
interaction expansions, allows us to obtain the correct oscillator strength [6]. As mentioned
above, intermediate-coupling effects are accounted for at the very end, i.e., after the collision
calculation, by adding non-relativistic amplitudes for excitation of the 6s6p 1P and 6s6p 3P
states, weighted by the experimentally known coefficients.
Regarding the collision calculations, the RDWBA method solves the appropriate Dirac
equations to obtain distorted waves for the incident and scattered projectile. No channel
coupling is accounted for, and the part of the projectile−interaction leading to excitation
is treated to first order. Since the likely problems with the absolute values of the angle-
differential cross sections (related to the problems with the optical oscillator strength) will
cancel in comparisons of relative observables such as the light polarizations, the reliability
of this model to predict the Stokes parameters of interest here is expected to increase with
increasing energy and decreasing scattering angle of the projectile. The BP-RM5 model
again treats relativistic effects explicitly through the additional terms in the (N + 1)-electron
Hamiltonian, which is being diagonalized to obtain a basis for describing the projectile electron
inside the R-matrix box. It also includes a limited amount of channel coupling. Finally,
the present CCC model does not include any explicit relativistic effects in the description
of the continuum electron. Spin-dependent effects only manifest themselves in the final
results after adding a non-relativistic scattering amplitude for excitation of the triplet state
and applying a purely algebraic recoupling scheme to obtain amplitudes for excitation by
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Figure 1. Stokes parameters P1, P2 and P3 measured for the VUV Hg transition 6s6p 1P1 →
6s2 1S0 (185 nm) after spin-polarized electron-impact excitation at 100 eV. The solid circles (•)
represent the spin-averaged experimental results, corresponding to unpolarized electron impact.
The solid black and grey lines represent the corresponding CCC and RDWBA results, respectively.
Also shown are the spin-up (dashed) and spin-down (dotted) RDWBA results for spin-resolved
excitation.
spin-up and spin-down electrons. Channel coupling is treated essentially to convergence, and
its importance in the context of the present study has been tested by performing a three-state
(6s2 1S, 6s6p 3P, 6s6p 1P) close-coupling (CC3) calculation. At 50 eV and 100 eV, we found
only minor differences between the present CCC and CC3 results, while more substantial
differences occurred at 15 eV, with the CCC calculation being more accurate. As expected
for excitation of a strong optically allowed 1S → 1P transition, these results demonstrate
that channel-coupling effects are rapidly decreasing as the incident electron energy increases,
especially for relative observables.
5. Results and discussion
The experimental results presented below are normalized to 100% spin polarization of the
incident electrons, and they are corrected for a non-ideal linear polarizer and a non-ideal
optical retarder. The actual spin polarization of the incident electron beam was measured
periodically by means of a Mott-scattering experiment. The effects of the finite opening
angles of the optical detector and the electron detector were found to be negligible with
respect to the uncertainty of the experiment. The effect of radiation trapping was kept below
0.5% per Stokes parameter using sufficiently low target densities.
5.1. Stokes parameters at 100 eV electron energy
At 100 eV incident energy, theoretical predictions of the Stokes parameters are available from
the RDWBA and the CCC models. The experimental data were obtained for scattering angles
from 0◦ to 20◦ in steps of 5◦. As can be seen in figure 1, the CCC calculation achieves good
agreement with the experimental data of the spin-averaged Stokes parameters at all observed
scattering angles. The RDWBA results exhibit the same trend as the experimental data, but
characteristic features such as the zero crossings and the extrema are slightly shifted to larger
scattering angles. There is practically no spin-dependent effect visible in the experimental
data or the CCC predictions (thus only spin-averaged experimental and CCC data are shown),
and only very small spin effects are noticed in the RDWBA results for θ  25◦.
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Figure 2. Stokes parameters P1, P2, and P3 measured for the VUV Hg transition 6s6p 1P1 →
6s2 1S0 (185 nm) after spin-polarized electron-impact excitation at 50 eV. The top row shows
experimental (•) and theoretical results (solid line: CCC; dashed line: BP-RM5; dotted line:
RDWBA) for unpolarized electron impact. The bottom row exhibits the experimental results
for the Stokes parameter P3 (circular polarization) for spin-up (•) and spin-down (◦) electron
excitation, together with the corresponding theoretical predictions (dark line: spin-up; grey line:
spin-down).
5.2. Stokes parameters at 50 eV electron energy
At 50 eV incident electron energy, RDWBA, BP-RM5, and CCC predictions are available.
Figure 2 (top row) shows the spin-averaged experimental data for scattering angles between
θ = 0◦ and θ = 30◦ compared to the theoretical results. Neither the experimental data
nor the theoretical values reveal significant spin effects in this angular range. For scattering
angles θ  30◦, the RDWBA and BP-RM5 models show some spin dependence of the Stokes
parameters while the CCC calculation does not, as shown in the bottom row of figure 2.
The Stokes parameter P1 is well reproduced by the CCC model, except for θ = 30◦
where the theoretical result is clearly outside the experimental uncertainty. The BP-RM5 and
RDWBA results for P1 match the experimental data for scattering angles below θ = 15◦.
They lie outside the experimental uncertainty at θ = 20◦ and θ = 25◦, i.e., the zero crossing
for θ  20◦ is shifted to larger angles. The experimental values of the Stokes parameter
P2 are fairly well matched by the CCC calculation. The RDWBA and the BP-RM5 models
again predict similar results for θ  15◦ but cannot reproduce the distinct maximum structure
around θ = 20◦, . . . , 25◦ that is observed experimentally. The angular dependence of the
circular light polarization P3 is well reproduced by all three theories.
5.3. Stokes parameters at 15 eV electron energy
Due to a larger differential cross section at lower energies, experimental data at 15 eV electron
energy could be obtained for scattering angles between 10◦ and 90◦. The spin-averaged
2408 G Außendorf et al
Figure 3. Stokes parameters P1, P2 and P3 measured for the VUV Hg transition 6s6p 1P1 →
6s2 1S0 (185 nm) after electron-impact excitation at 15 eV. The diagrams show spin-averaged
experimental (•) and theoretical results (solid line: CCC; dashed line: BP-RM5; dotted line:
RDWBA).
Figure 4. Spin-resolved Stokes parameters P1, P2 and P3 measured for the VUV Hg transition
6s6p 1P1 → 6s2 1S0 (185 nm) after spin-polarized electron-impact excitation at 15 eV. The
diagrams show the experimental results for spin-up (•) and spin-down (◦) electron excitation
compared to predictions from the RDWBA (top), BP-RM5 (middle), and CCC (bottom)
calculations (dark line: spin-up; grey line: spin-down).
results are depicted in figure 3. The CCC calculation yields the best overall agreement with
experiment, reproducing all the observed features very well. The agreement between the
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experimental data and the two other theoretical data sets is less satisfactory, particularly for
P2 and P3 in the RDWBA model and for P1 and P3 in the BP-RM5 calculation.
At 15 eV incident energy, the RDWBA and the BP-RM5 calculations show clear signatures
of spin effects for scattering angles between 45◦ and 90◦, where experimental data exist. A
comparison of the experimental and theoretical spin-resolved Stokes parameters is shown in
figure 4. Experimentally the most significant spin effect is observed for P3 at θ = 80◦ and
θ = 85◦. The RDWBA and BP-RM5 calculations show similarly strong spin dependent
P3 values, which, however, are not in quantitative agreement with the experimental data.
Likewise, the spin-resolved Stokes parameters P1 and P2 obtained in these models differ
considerably from the experimental data, which show less distinct spin effects. The CCC
calculation predicts generally small spin effects, therefore being closer to the experimental
data. The exceptions are P3 at θ = 80◦ and θ = 85◦. In these cases, the spin-averaged CCC
results still agree very well with the experimental data (see figure 3), but the discrepancies for
the spin-resolved parameters suggest that the very limited account of relativistic effects in the
present CCC model is not sufficient here.
6. Conclusion
Spin-averaged and spin-resolved Stokes parameters (polarization components P1, P2, and P3)
of the VUV Hg transition 6s6p 1P1 → 6s2 1S0 (185 nm) have been measured at electron-impact
energies of 15 eV, 50 eV and 100 eV. For unpolarized electrons, the CCC calculation yields
very good agreement with the experimental data at essentially all observed scattering angles.
On the other hand, the agreement between the RDWBA and the BP-RM5 predictions and the
experimental data is less satisfactory, particularly at scattering angles θ  15◦. No significant
spin effects are experimentally observed or predicted by theory for electron impact energies
of 100 eV, 50 eV and 15 eV below scattering angles of θ = 30◦. These findings agree with
the general prediction by Andersen and Bartschat [9] that spin effects are difficult to detect in
standard Stokes parameters if direct amplitudes dominate the excitation process.
Experimentally, definite spin effects were only visible at 15 eV incident energy and
scattering angles θ  80◦. Such large spin effects are not predicted by the present CCC model,
most likely due to the neglect of explicitly spin-dependent effects for the projectile electron.
While stronger spin effects are seen in the RDWBA and BP-RM5 results, these calculations
reveal significant deviations when predicting the measured angular dependence of the spin-
resolved Stokes parameters. Given the generally small importance of channel coupling in
optically allowed transitions, especially at energies significantly above the excitation threshold,
we believe that the success of the current CCC model is mostly due to the target description,
including sophisticated model potentials to account for both relativistic contraction and core-
polarization effects.
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